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SUMMARY 


A basic model is presented for estimating the cost of un- 
manned lunar and planetary programs. The level of input parameters 
required by the model and its accuracy in predicting cost are 
consistent with pre-Phase A type mission analysis.. 

Cost data was collected and analyzed for eight lunar and 
planetary programs Total cost was separated into the following 
components: labor, overhead, materials, and technical support. 

This study determined, with surprising consistency, that direct 
labor cost of unmanned lunar and planetary programs comprises 
30 percent of the total program cost 

Twelve program categories were defined for modeling: six 

spacecraft subsystem categories (science, structure, propulsion, 
electrical power, communications, and guidance and control); 
and six support function categories (assembly and integration, 
test and quality assurance, launch and flight operations, ground 
equipment, systems analysis and engineering, and program manage- 
ment) . An analysis by category, showed that on a percentage 
basis, direct labor cost and direct labor manhours compare on a 
one-to-one ratio. Therefore, direct labor hours is used as the 
parameter for predicting cost This has the advantage of 
eliminating the effect of inflation on the analysis. 

Figure S-l is a flow diagram of the use of the cost model 
in forecasting The boxes in the upper left involve the mission 
dependent information Scaling laws, physical and mathematical 
relationships, and synthesis guidelines, provide the basic 
estimate of manhours The remainder of the model deals with 
converting the basic cost element, direct labor hours, into cost. 
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This requires two additional steps. First, the average pay scale 
($/hr) must be determined for the period of the program. If de- 
sired, the selected pay scale could include inflation between 
the time of the estimate and program execution. The final step 
involves converting direct labor cost into total program cost. 

Total program cost can be determined by dividing direct labor cost 
by its fraction of total cost. The relationship used throughout 
this study is: 

Total Program Dollars = Direc t Labor Hours x Average Hour ly Rat e . 

,3 

Figure S-2 presents cost estimates and errors for the pro- 
grams used in developing the cost model. The Surveyor program 
did not follow clearly established trends of the other seven 
programs, and was subsequently not used in the development of 
the model. As an example, the model was used to predict the 
cost of the Mariner Venus /Mercury 1973 program. The model pre- 
dicted a program cost of $120 Million, which is approximately 
20 percent higher than current estimates. 

Recommendations for further effort include: update the 

current data base by obtaining the latest Mariner 1971, Viking 
Orbiter and Viking Lander cost data; expand the data base by 
obtaining cost data for such programs as Mariner Venus 1967, 

Mariner Venus/Mercury 1973, and interplanetary and cis-lunar 
Pioneer and Explorer programs; and develop cost models for 
planetary atmospheric entry probes. 
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Figure S-2: Cost Model Prediction Error Analysis 
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1. STUDY OBJECTIVE AND PLAN 
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STUDY OBJECTIVE 


The primary objective of this study is to provide the 
Planetary Programs Office (SL) of NASA Headquarters with a 
capability for estimating the cost of future missions. This 
capability is intended for use in generating initial cost 
estimates of planetary missions for which pre-Phase A infor- 
mation is available. The procedure must be easy to use and 
sufficiently flexible to accomodate changing mission defini- 
tions (flyby, orbiters, landers s etc.) and varied levels of 
available mission information. 

Previous spacecraft cost modeling by IITRI was developed 
from the costs of Ranger, IMP, Mariner, 0G0, Relay, Syncom, and 
Surveyor programs. Program records for a number of small, 
highly instrumented spacecraft were used in the formulation of 
the model. The spacecraft program cost were shown to be a 
function of: number of flight spacecraft; total weight of the 

spacecraft plus experiments; weight of the spacecraft less ex- 
periments; structure weight; telemetry weight; and weight of 
the propulsion subsystem. 

The Planning Research Corporation cost predictive model 
was developed for JPL using Mariner 64, 67, 69, and Lunar 
Orbiter cost data. The model relates unit and development cost 
to subsystem weights, but it is primarily a Phase B model which 
requires more detailed input information than is usually avail- 
able from a pre-Phase A study. 

Another unmanned spacecraft model was developed by the 
Air Force Space and Missies Systems Organization (SAMSO) for 
predicting total program cost through the use of cost estimating 
relationships (CER) . The CER's were developed from primarily 
earth orbiting spacecraft programs. A total of fourteen programs 
were analyzed to formulate CER’s for subsystems and operational 
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recurring and non-recurring cost. The model was developed over 
a period of several years and is still being modified. 

A basic premise of the analysis presented here is that 
cost forecasting can be improved by selecting manhours as the 
basic cost unit. Manhours have several advantages over fore- 
casting total program dollars; separation of inflationary 
factors from estimates and improved costing of low volume pro- 
duction. Two programs separated in time are comparable on a 
cost basis only if some inflationary factor is applied to the 
older program. Such inflationary factors are difficult to 
formulate for total program costs and often fail to accurately 
represent the actual financial conditions within the industry. 
The space program has not yet been able to use mass production 
techniques and thus the total cost of each completed item is 
not substantially decreased through additional production. 
Hence, the cost of a program's hardware is directly connected 
to the manhours involved in development, fabrication, and 
testing. 
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FIGURE 2. TOTAL PROGRAM COSTS. 




COST COMPONENTS 


Detailed cost data were obtained for eight programs but in the 
cases of Mariner 64 and Viking Orbiter the format of the cost 
information was not adequate for all types of analysis. In 
general, the cost printouts included information on dollars and 
manhours for line items as well as summaries indicating the 
division of costs by direct labor, overhead, materials and 
technical support. These data were usually available by pro- 
gram year or month enabling some studies of time line behavior. 
Figure 3 is a typical data sheet from Mariner 69. The assign- 
ment of cost components is shown in the figure. 
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FIGURE 4. COMPONENTS OF PROGRAM COSTS 



SUBSYSTEM AND PROGRAM CATEGORIES FOR COST MODELING 


Twelve categories of program cost were established; six sub- 
system categories: science, structure, propulsion, electrical 

power, communications, and guidance and control; and six support 
function categories: assembly and integration, test and quality 

assurance, launch and flight operations, ground equipment, 
systems analysis and engineering, and program management. 

A series of definitions were evolved to assist in the assign- 
ment of line items to each of twelve categories. Figure 5 
lists the definitions that were employed. More elaborate and 
detailed definitions were considered but found to provide no 
advantages. Each program and contractor used somewhat different 
terminaology. No definition, however detailed, is able to 
unambiguously classify all line items. 

It was necessary in a number of cases to submit questionable 
line items to a panel of IITRI/AS staff for review and decision. 
If a clear consensus was not obtainable from the panel, attempts 
were made to obtain clarification from the center or contractor 
involved. The lack of uniform cost reporting categories in 
terms of subsystem and functional definitions remains one of 
the more difficult problems of cost analysis. It is felt that 
within the accuracy of pre-Phase A estimates, the assignments 
made in this study are satisfactory. 
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Figure 5; 


Cost Category Definitions 


• Science - all instruments which perform scientific experiments 

but not including apparatus used primarily for other 
mission functions, e.g. radio transmitters which, 
although used in occulta tion and tracking experiments, 
are classed as communications. 

• Structure - spacecraft main body structure, mechanical devices, 

thermal control equipment, cabling and harnesses, 
pyrotechnic devices, payload adapters, scan platform, 
atmospheric entry equipment, booms and appendages. 

• Propulsion - velocity control components such as propellants, 

engines, tanks, feed lines and valves, pressuri- 
zation equipment. 

• Electrical Power - all components of main power source such 

as solar cells or RTG's, conditioning components 
such as inverters and regulators, secondary power 
sources such as batteries, associated electronics 
for control and distribution. 

• Communications - all components which handle data transmission 

and reception, data management and storage, data 
encoding and decoding, command data distribution, 
antennas . 

• Guidance and Control - all flight control components such as 

attitude control equipment (e.g. cold gas systems) 
and electronics, attitude sensors and tracking 
devices, control computer and sequencer, lander 
terminal guidance equipment. Note: if TV is used 

for both science and terminal guidance, it should 
be assigned to science. 
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Figure 5: Cost Category Definitions (continued) 

• Assembly and Integration - system and subsystem integration 

analysis, design and control, system and subsystem 
packaging and assembly analysis and management, 
mockup assembly. 

• Test and Quality Assurance - spacecraft subsystem and com- 

ponent testing, manufacturing quality assurance 
and control, environmental testing, quarantine 
assurance and control, subsystem and component 
reliability analysis, testing equipment. 

• Launch and Flight Operations - launch control and operations, 

space flight control and management, mission 
operations, spacecraft team command and subsystem 
team monitors operations and training, scientific 
and engineering data processing, handling and 
management, telecommunications and tracking data 
analysis, field station operations, SFOF mission 
particulars . 

• Ground Equipment - shipping and storage container, trans- 

portation and handling equipment, propulsion loading 
equipment, environmental test chamber, mission 
operations consoles and recording equipment, computers 
and peripheral equipment. 

• Systems Analysis and Engineering - configuration management, 

analysis and control, mission planning and profile 
analysis, trajectory analysis, electronic parts 
engineering, computer software and implementation. 

• Program Management - project management and control, project 

reporting, business operations and computer, manage- 
ment support, safety control, science team manage- 
ment, task allocations, 
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CATEGORIZATION OF COSTS 
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Category Labor Cost as a Percent of Category Total Cost 



LABOR HOURS AS A BASIS FOR COST MODELING 
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STRUCTURE 
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FIGURE 7. COMPARISON OF LABOR COST AND LABOR HOURS FOR MARINER 1969. 


RECURRING AND NON-RECURRING COSTS 


The number of flight spacecraft associated with past and current 
planetary programs has been small; Lunar Orbiter with five S/C 
and Surveyor with seven S/C represent the largest "production 
runs" to date. In general, there have been changes from one 
spacecraft to another within the same program. Nonetheless, it 
seems reasonable to attempt to separate recurring (R) and non- 
recurring (NR) costs to provide a better basis for estimating 
a variety of future program options. 

There is a wide variation in the definition of recurring vs 
non-recurring costs by the space industry. For example, some 
contractors confine recurring costs to the production of flight 
subsystems while others include operational categories such as 
test, launch/ flight, etc, Our analysis of the nature of the 
operational categories and their cost/time history led to a 
definition of ground equipment and system analysis /engineering 
as entirely non-recurring. Launch/flight and assembly and 
integration were found to be essentially recurring. All other 
categories were a mixture of recurring and non-recurring costs. 

A study of the time history of program costs led to the conclusion 
that the date of completion of assembly and test of the proof test 
model (PTM) provided a reasonable split of costs into the two 
categories. This is a somewhat arbitrary definition but on the 
average agrees with the data supplied. Figure 8 lists the PTM 
dates used to classify the programs. Lunar Orbiter costs were 
supplied as recurring and non-recurring based on the contractor 
definition. Since a time history was not available these data 
were used as supplied. During the detailed modeling (section 3) 
it was found that total costs with no distinction between non- 
recurring and recurring costs provided the best basis for oper- 
ational support category models. 
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Program Dates for Non-Recurring and Recurring Determination 
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RECURRING AND NON-RECURRING COSTS 
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FINAL ALLOCATION OF PROGRAM COSTS 
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Figure 11: Cost and Labor Hour Allocations for Mariner 64 
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Figure 12: Cost 
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Figure 13; Cost and Labor Hour Allocations for Mariner 71 
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Figure 14; Cost and Labor Hour Allocations for Pioneer F&G 
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Figure 16: Cost and Labor Hour Allocations for Viking Lander 
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Figure 17: Cost and Labor Hour Allocations for Lunar Orbiter 
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Figure 18: Cost and Labor Hour Allocations for Surveyor 
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FIGURE 20. COMPARISON OF AVERAGE DIRECT LABOR RATES 
OF PROGRAMS. 
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Figure 23: Spa cec raft Subsystem Weights , In Po unds 
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a) Includes VO-VL adapter 

b) Includes aeroshell, parachute and bioshield 

c) Includes relay communications equipment 
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Figure 24: Program and Mission Parameters 



51 


289 413848.0 161 117 5.83 




SELECTION OF LABOR ESTIMATING RELATIONSHIPS (LER) 
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is the difference between actual and predicted DLH, 
is number of data points in the regression analysis 
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Example Selection Of Communications 



SCIENCE 


The model developed for the science system is a two variable 
linear equation based on the resolution of the imaging experi- 
ment (pixels per line) and the total weight of the science in- 
struments* This provides a good fit to all programs except 
Viking which had such a large error that it was not included 
in the regression fit. 

This is apparently due to the large costs associated with the 
Viking biological experiments which do not substantially in- 
crease the weight of the science package, A number of other 
models were tried in an effort to fit the Viking data but none 
were successful. Further effort should be devoted to improving 
the science model. The comparison of actual and predicted 
labor are given in Figure 26* 

NRg = 0.1 PPL +1*8 WT g + 234,2 r = 0.9939 

R g = 0,182 NRg (Ng) r = 0.9442 
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Figure 26: Science Category Prediction and Error 
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* not used in non-recurring LER derivation 

** not used in recurring LER derivation 
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STRUCTURE 


The LER developed for the structure subsystem is a linear fit 
based on the structure subsystem weight. This includes the 
weight of thermal control equipment, cabling, booms, pyrotechnic 
and mechanical devices and, if the spacecraft uses one, the 
scan platform. The aeroshell and bioshield are included for 
Viking Lander, and the VO-VL adapter is included for Viking 
Orbiter. 

Figure 27 shows actual and predicted values of DLH for the 
structure subsystem. The predictions are only in generally 
fair agreement with the actual values. The major variance 

r = 0.8971 
r = 0.892 


occurs in the M71 program. 
NR st = 1.18 WT ST + 50.1 
R gT = 0.098 NR gT (N s ) 
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Figure 27: Structure Category Prediction and Error 
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not used in model derivation 
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PROPULSION 


The LER for predicting non-recurring direct labor hours for the 
propulsion subsystem was found to be a power law function of the 
total impulse of the engine. Total impulse is defined as specific 
impulse times propellant weight, or alternately, total burn time 
times vacuum thrust. For the planetary programs, all engines 
used either the monopropellant N 2 H^ or the bipropellant N^^/MMH 
whereas Lunar Orbiter used N 2 0^/A-50. The engines for M64, M69 
and PIO were used for midcourse correction only while those for 
other programs are used primarily for orbit insertion or terminal 
landing. Obviously, these latter engines require more propellant 
(or equivalently, a longer burning time) and will cost more. 

The derived and program data are given in Figure 28. The Lunar 
Orbiter propulsion system was partially supported by DOD and 
those costs were not available. This may explain part of the 
overestimate. 


NRp = 3.51 (I T )* 359 r = 0.9175 

Rp = 0.149 NR p (N g ) r = 0.972 
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Figure 28; Liquid Propulsion Category Prediction and Error 
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ELECTRICAL POWER 


The model developed for the electrical power subsystem is a 
multiple linear relationship based on total power supplied to 
the spacecraft from the power conditioning equipment and the 
weight of the power subsystem including weight of all con- 
ditioning equipment and auxiliary power supplies such as batteries <, 

Separate estimating relationships have been developed for power 
subsystems whose primary energy source is solar energy conversion 
and those using radioisotope thermoelectric energy conversion. 

For the latter case, the model has two parts: one for the power 

conditioning and auxiliary power equipment and the second for the 
radioisotope thermoelectric generators (RTG) . The expenditure 
for RTG's is assumed to be an additional cost to the program, 
and as such is modeled separately. 

The LER for solar power subsystems includes the cost of the solar 
arrays. The power is that generated at 1 A.U. 

The LER for RTG powered subsystems does not include the cost of 
the RTG's, and the weight term does not include the RTG weights. 

The power is the total beginning-of-life power supplied by the 
subsystem;, The results are given in Figure 29. 

NR Eps = 0..21 P q + .2 WT Eps + 55 0 3 r = 0.830 

NRe PR = 1.57 P Q + 0.9 WT EpR r = 1.00 

The recurring DLH relationship is used for either solar power 
or RTG power, 

R Ep = 0.154 NRgp (N g ) r = 0.955 
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Figure 29: Electrical Power Category Prediction and Error 
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not used in model derivation 
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RTG ADDITIONAL COSTS 


The data for RTG costs was obtained from the Atomic Energy 
Commission in the form of development (non-recurring) dollars 
and unit (recurring) dollars. The dollar data was converted 
to direct labor hours assuming 30 percent total program cost 
for labor and the wage rate at the median year of program 
development. 

The relationship for NASA funded RTG costs is a function of 
unit power at beginning-of-life and time, in years, from 
August 1960 to date of first flight (In denotes natural 
logarithm) * 

Data on total number of units purchased were not available for 
all missions nor were total costs known in all cases. The data 
in Figure 30 are based on single unit data and errors are there- 
fore not shown. 

NR rtg = 1.7 Py - 265,7 In (T) + 1059.0 r - 0.9830 

\ TG = (0.6 Py + 0.04 NR rtq - 6.4) Ny r = 0.9968 
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Figure 30; RTG Cost Prediction and Error 
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COMMUNICATIONS 


The LER for the communication subsystem is a multiple linear 
relation in transmitter power and communication subsystem weight. 

The subsystem weight as utilized here includes the weight of such 
items as data acquisition and storage equipment, data encoding 
and decoding devices and flight command equipment. Transmitter 
power is peak RF power transmitted. The unique relay communication 
equipment on the Viking Orbiter and Lander were not modeled 
separately, but are taken into account in the subsystem weight term. 

Figure 31 presents the actual and predicted data for communications. 
The predicted values of DLH are in generally good agreement with 
the actual values, the major variances being M69 and M71. 

NR C = 16.9 P T + 4.2 WT C - 37.1 r = 0.9758 

R c = 0.183 NR C (N s ) r = 0.973 
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Figure 31: Communications Category Prediction and Error 
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GUIDANCE AND CONTROL 


The LER for the guidance and control subsystem was found to be 
a function of total spacecraft weight and type of spacecraft 
and stabilization. Because of the limited number of data points 9 
the slope of the LER developed for 3-axis stabilized flyby and 
orbiter spacecraft was applied to both landers and spin stabilized 
spacecraft. Total spacecraft weight is defined as launch weight. 
In the case of Viking Orbiter, it includes the weight of the 
Lander since the G & C of the Orbiter must account for the Lander 
from launch through orbit insertion. The actual and predicted 
labor hours are given in Figure 32. 


3 - Axis Stabilized Flybys & Orbiters: 

NR gc = 428.9 exp (4 x 10“ 5 WT TQT ) r = 0.7958 


3 - Axis Stabilized Landers: 

NR gc = 1079.0 exp (4 x 10~ 5 WT TQT ) 


Spin Stabilized Flybys & Orbiters: 

NR gc =84.0 exp (4 x 10“ 5 WT TQT ) 


The recurring DLH relationship is used with all three of the 
above relationships. 

R gc = 0.122 NR gc (N g ) r = 0.955 
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Figure 32: Guidance and Control Category Prediction and Error 
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* not used in model derivation 
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ASSEMBLY AND INTEGRATION 


The model developed for assembly and integration is a multiple 
linear fit based on the number of flight spacecraft and the 
total dry weight of the spacecraft minus the weight of the 
structure subsystem. This last parameter, WT DRY ~ ^ST* 
perhaps an indication of the complexity of the spacecraft to be 
assembled. Total dry weight as a parameter was found to have 
very little correlation with the data. Figure 33 presents 
values of predicted and actual DLH for assembly and integration. 

The predicted values are in only fair agreement with actual values. 

DLH ai = 64.0 N g + 0.4 (WT DRY - WTg T ) - 78.2 r = .9182 
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Figure 33: Assembly and Integration Category Prediction and Error 
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* not used in model derivation 
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TEST AND QUALITY ASSURANCE 


The LER developed for test, quality assurance and reliability 
analysis is a double parameter fit based on the number of flight 
spacecraft and the weight of the structure subsystem. Figure 34 
presents actual and predicted values of DLH for test and quality 
assurance. The predictions are in generally good agreement with 
the actual values. The largest variances occur in the Pioneer 
and Viking Orbiter programs, 

DLRpq = Ng (127.5 + 8,9 x 10" 4 WTg T ) r = 0.9769 
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* not used in model derivation 
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LAUNCH AND FLIGHT OPERATIONS 


The LER developed for launch and flight operations is a multiple 
linear relation based on mission time and number of launches in 
the total program. The mission time comprises two terms in the 
model. The first, CT, accounts for mission operations during 
interplanetary cruise. This time, in days, is counted from 
launch day to date of mission termination. If there is more than 
one spacecraft in the mission, CT is counted from launch of the 
first vehicle to shutdown of the final one (thus for Pioneer F & G 
program, CT = 1300 days) . Periods of time overlap are counted 
only once. 

The second time term, EPT, accounts for increased operations during 
times of encounter science (or landed science) and times of 
scientific data transmission, both in real time and stored /playback 
time. 

Two launches were modeled for both the M64 and M71 programs al- 
though one flight in each program failed. The times modeled for 
M71 reflect allocated operations costs and times for the planned 
mission since at the time the model was developed, run-out costs 
for the remaining spacecraft mission were not available. Figure 35 
shows actual and predicted values of DLH for launch and flight 
operations. The predicted values are in very good agreement with 
the actual values. 

DLHjj = 95.7 NL + 0.4 CT + 2.7 EPT - 17.5 r = 0.9925 
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Figure 35 

Launch and Flight Operations Category Prediction and Error 
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* not used in model derivation 
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GROUND EQUIPMENT 


The LER developed for ground equipment is a multiple power fit 
based on the following parameters; structure subsystem weight, 
imaging experiment resolution in terms of picture elements per 
line, and time, in years, counted from August 1960 to the program's 
first launch date. Total spacecraft weight and maximum downlink 
data rate were examined, but proved to have very low correlation. 
The time parameter appears as a p sue do -inheritance factor, 
accounting for inheritance of certain equipment from one program 
to another. Figure 36 presents actual and predicted values of 
DLH for ground equipment. As can be seen, the predicted values 
are only in fair agreement with the actual values. 


DLHge = — .*.29 . ^PL (WT^ 


r = 0.9344 
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Figure 36 

Ground Equipment Category Prediction and Error 
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* not used in model derivation 
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SYSTEMS ANALYSIS AND ENGINEERING 


The LER developed for the category defined as systems analysis 
and engineering is a multiple linear model based on the total 
dry weight of the spacecraft and a percentage of the total direct 
labor hours required for the ten categories previously discussed. 
Although the data for M64 showed no cost allocation for this 
category and the cost category Pioneer was relatively small, for 
consistency these two programs appear in the data base. Figure 37 
presents actual and predicted values of DLH for systems analysis 
and engineering. Due to the nature of the model (a linear function 
with a relative large negative constant) , it is possible that the 
LER may predict negative hours, as is the case for both M64 and 
Pioneer. An arbitrary solution to this is to set the DLHg E 
to zero. The true predictions for M64 and PIO are shown in 
parentheses. 


10 

DLH se = 0.353 WT dry + 0,067 ( E DLH) - 467.8 


r = 0.9954 
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Figure 37 


Systems Analysis and Engineering Category 
Prediction and Error 
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277.0 

343.9 

24.1 

SU* 

2628.9 

447.0 

- 83.0 


* not used in model derivation 
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PROGRAM MANAGEMENT 


The LER for program management is a simple percentage of the 
total direct labor hours predicted for the previous eleven 
categories. Models based on measures of program size, complexity 
and duration showed little correlation with the actual DLH for 
program management. Again, as with the science category, the 
DLHp^ for Viking Lander did not follow the trend established by 
the other six programs (a 13.6% program management as compared 
to an average of 5.1%). Thus, Viking Lander was not used in the 
data base for this category. It is noted that the correlation 
here is slightly below the established minimum, due to including 
Lunar Orbiter (at 3.6% program management) in the program 
management data base. The LO data was used, however, to allow 
for the largest possible data base, and the resulting correlation 
accepted as is. Figure 38 shows values of actual and predicted 
DLH for program management. The predicted values are in reason- 
able agreement with the actual values. 

IL 

DLH pM = 0.051 ( 2 DLH) r = 0.7334 
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Figure 38: Program Management Category Prediction and Error 


Program 

' Actual 

dlh pm 

Predicted I 

DLHpM 

% Error 

M64 

217.8 

202.4 

- 7.1 

M69 

290.1 

! 

263.1 

- 9.3 

M71 

370.5 

339.4 

- 8.4 

PIO 

190.5 

177.9 

- 6.6 

VO 

420.8 

477.5 

13.5 

VL 

1779.8 ] 

583.3 

-67.2 

LO 

291.9 

j 

477.9 

63.7 

SU* 

2129.0 

494.7 

j 

-76.8 


* not used in model derivation 
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4 . SUMMARY RESULTS 
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COMBINED PROGRAM DLH ESTIMATES 
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Figure 39: Direct Labor Hours Error Analysis 
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not used in model derivation 















COMBINED PROGRAM DOLLAR ESTIMATES 
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Figure 40; Cost Model Prediction Error Analysis 
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5. RECOMMENDATIONS 
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RECOMMENDATIONS FOR FURTHER STUDY AND ANALYSIS 


A basic model for predicting total program costs for unmanned 
lunar and planetary missions has been presented,, Recommended 
areas to further broaden and enhance the model consist of; 

• Update the current data base by obtaining the latest cost 
data available for Viking Lander , Viking Orbiter and 
Mariner 71. More up-to-date Viking Lander data may lead 
to reintroducing Surveyor into the data base and the de- 
velopment of separate LER's for lander spacecraft, where 
the situation warrants separate models (as in Guidance & 
Control) . 

• Broaden the data base by obtaining cost data for such 
programs as Mariner Venus 1967, Mariner Venus /Mercury 1973, 
and earlier Pioneer and Explorer programs for particle and 
field exploration of interplanetary and cis-lunar space. 

Certain of these programs, together with Mariner 71, should 

be useful in establishing inheritance factors or relationships. 

• Begin development of LER's for outer planet atmospheric entry 
vehicles by obtaining the most up-to-date technical and cost 
data predictions for this type of program. Separation of the 
Mars entry development and cost data from the rest of the 
Viking Lander program should be useful in this respect. 

o Refine the methodology for estimating recurring costs. The 
present averaging method has a high variance and preliminary 
examination of the errors for Lunar Orbiter and Surveyor in- 
dicate that the recurring costs are not directly proportional 
to the number of flight articles. 
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• Analyze the individual errors by cost category. The magni- 
tude and sign of the errors associated with each category can 
provide clues to reassessment of line item data and model 
variables which can serve to improve the sub models. The ac- 
quisition of additional program data can serve as a valuable 
check to avoid "historical" data fits which have inadequate 
predictive capability. 
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APPENDIX 

COST MODEL EXAMPLE AND WORK SHEETS 
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COST MODEL EXAMPLE AND WORKSHEETS 


The following pages present the application of the cost model 
to the Mariner Venus /Mercury 1973 program. The model predicts 
a total program direct labor of 5159,0 thousand hours. Assuming 
a $7.00 per hour wage rate, based on a median expenditure year 
of mid 1972, this leads to a total program cost prediction of 
$120,377,000 which is approximately 20 percent higher than the 
current estimate for M73. Since this program is known to have 
significant inheritance, this error is not unexpected. 

Following the example, blank input preparation and worksheets 
are provided for user application. 
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COST MODEL INPUT PREPARATION SHEET 


For Mariner 1973 Program 


Spacecraft Subsystem Weights 


Science (WTg) 168.2 

Structure (WTg^,) 460 . 0 

Propulsion, dry* 27.9 

Electrical Power (WT Ep ) 152.1 

(do not include RTG weight) 

Communications (WT^,) 145.0 

Guidance & Control* 91.7 

Total, dry (WT DRY > 1044.9 

Propellant (WT pR ) ^1.8 

Total, wet (WT TQT > 1096. 7 


pounds 


* not individually required by model 
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COST MODEL INPUT PREPARATION SHEET 


Other Parameters 

Total S/C conditioned power (Pq) 

(solar power at 1 AU) 

(RTG power at BOL) 


400 watts 


Unit RTG power at BOL (Py) w atts 

Number of RTG units purchased (Ny) 

Transmitter peak RF output power (P T ) ___^£__watts 


230 


JLb£-sec/lb m 


11914 


_lb p -sec 


£32 p ixels per .1 
1 


Specific impulse (I gp ) 

Total impulse (I T = I gp x WT pR ) 

Imaging experiment resolution (PPL) 

Number of launches (NL) 

Number of flight spacecraft (N g ) 1 

Date of first launch (LD1) 11/3/73 
Time factor (T = LDl - August 1960) 13 ,25 y ears 

Date of mission termination (MT) 4/13/74 
(shut-down of final S/C) 

Cruise time (CT = MT -LDl) 192 d ays 

Experiment and data playback time (EPT) 41 days 

(total for all S/C in mission) 


Hourly labor rate 

WAGE = exp (0.044y - 1.25) = 


7.00 dollars /hour 


where: y = median year of program funding minus 1900 
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COST MODEL WORK SHEET (1 of 3) 


For Mariner 1973 Program 


Science 

NRg =0.1 PPL + 1.8 WTg + 234.2 = 

R g = 0.182 NR g (Ng) 

DLHg = NRg + Rg 

Structure 

NRg T = 1.18 WTg T +50.1 
Rg T = 0.098 NRg T (Ng) 

DLHg T = NRg T + Rgip = 

Propulsion 

NRp = 3.51 (I T )* 359 
R p = 0.149 NR p (Ng) 

DLHp = NRp + R p 

Electrical Power 

Solar: NR Ep = 0.21 P Q + 0.23 WT Ep + 55.3 = 
RTG: NRgp = 1.57 Pq + 0.9 WTgp = 

R Ep = 0.154 NR Ep (Ng) 

DLH = NRgp + R Ep 


. 620 .? 

112.9 

733.1 


592.9 


58.1 


935.0 


102.0 

15.2 

117.2 


174.3 


26.8 

201.1 
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COST MODEL WORKSHEET (2 of 3) 


Communica tions 

NR C = 16.9 P T + 4.2 WT C - 37.1 = 

R c = 0.183 NR C (N s ) 

DLH C = NR C + R c 


909.9 

166.3 

1076.4 


Guidance & Control 

3-Axis Flyby or Orbiter: 

NR gc = 428.9 exp (4 x 10" 5 WT T0T ) 

3-Axis Lander: 

NR^c = 1079.0 exp (4 x 10 \t tot ) 

Spin Flyby or Orbiter: 

NR GC - 84.0 exp (4 x 10"^ wt toT^ 

R gc = 0.122 NR gc (Ng) 

DLH GC = ^GC + R GC 


448.1 


-56,7. 

504.9 


Assembly & Integration 

DLH ai = 64.0 N s + 0.4 (WT dry - WT st ) 


Test & Quality Assurance 

DLHpq = N s * (127.5 + 8.9 x 10" 4 WTg T 2 ) 


Launch & Flight Operations 

DLH^ = 95.7 N l + 0.4 CT + 2.7 EPT - 17.5 = 


Ground Equipment 


DLHqj. = 4.29 PPL (WT st ) 

—p 

Subtotal 

nr 

E DLH = 


219.8 


315.8 


265.7 


324.2 


4693.2 
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COST MODEL WORKSHEET (3 of 3) 


Systems Analysis & Engineering 

DLHgg = 0.353 WT dry + 0.067 ( E DLH) - 467.8 - 

(if DLH se < 0.0, set DLH se = 0.0) 


215.5 


Subtotal 

11 

E DLH = 


4908.7 


Program Management 

DLH PM = 0 * 051 DLH ) 


5C.3 


Total Program Direct Labor Hours 



Adjusted Total DLH 

DLHtqt = DLH tot + ^RTG + ^RTG = 

y 

Total Program Cost < 

COST = dlh tq T [ W ^ GE ^ = $ 120,377 (xl000) 

0.3 
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COST MODEL INPUT PREPARATION SHEET 


For 


Program 


Spacecraft Subsystem Weights 

Science (WTg) pounds 

Structure (WT gT ) 

Propulsion, dry* 

Electrical Power (WT Ep ) 

(do not include RTG weight) 

Communications (WTq) 

Guidance & Control* 

Total, dry (WT DRy ) 

Propellant (WT pR ) 

Total, wet (WT^) 


* not individually required by model 
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COST MODEL INPUT PREPARATION SHEET 
Other Parameters 

Total S/C conditioned power (P Q ) watts 

(solar power at 1 AU) 

(RTG power at BOL) 

Unit RTG power at BOL (Py) watts 

Number of RTG units purchased (N y ) 

Transmitter peak RF output power (P,p) watts 

Specific impulse (Igp) 

Total impulse (I T = I gp x WT pR ) 

Imaging experiment resolution (PPL) 

Number of launches (NL) 

Number of flight spacecraft (N g ) 

Date of first launch (LD1) 

Time factor (T = LD1 - August 1960) 

Date of mission termination (MT) 

(shut-down of final S/C) 

Cruise time (CT = MT -LDl) 

Experiment and data playback time (EPT) 

(total for all S/C in mission) 

Hourly labor rate 

WAGE = exp (0.044y - 1.25) = dollars /hour 

where: y = median year of program funding minus 1900 
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COST MODEL WORK SHEET (1 of 3) 


For 


Program 


Science 

NRg = 0.1 PPL + 1.8 WT g + 234.2 - 
Rg = 0.182 NRg (Ng) 

DLHg - NRg + Rg 

Structure 

NR gT = 1.18 WT gT + 50.1 
R gT = 0.098 NR gT (Ng) 

DLHgrj, = NRgT + Rgip = 

Propulsion 

NR p = 3.51 (I T )* 359 
R p = 0.149 NR p (Ng) 

DLHp = NRp + R p 

Electrical Power 

Solar: NRg p = 0.21 P Q + 0.23 WT Ep + 55.3 = 
RTG: NRgp = 1.57 P Q + 0.9 WT Ep 

Rgp = 0.154 NRgp (Ng) 

DLH ■ NRgp + Rgp = 
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COST MODEL WORKSHEET (2 of 3) 


Communica tions 

NR C = 16.9 P T + 4.2 WT C - 37.1 = 

R c = 0.183 NR C (N g ) 

DLH C = NR C + R c 

Guidance & Control 

3-Axis Flyby or Orbiter: 

NR gc = 428.9 exp (4 x 10“ 5 WT T0T ) 

3 -Axis Lander: 

NRqc = 1079.0 exp (4 x 10"^WT TOT ) 

Spin Flyby or Orbiter: 

NR G c =84.0 exp (4 x 10“ 5 wt t 0 t^ 

r gc = °' 122 ^GC < n s> 
dlh gc = NRgc + r gc 

Assembly & Integration 

DLH ai = 64.0 N s + 0.4 (WT dry - WTg T ) 


Test & Quality Assurance 

DLHjq = Ng * (127.5 + 8.9 x 10" 4 WTg T 2 ) 

Launch & Flight Operations 

DLH^ = 95.7 N l + 0.4 CT + 2.7 EPT - 17.5 


Ground Equipment 


DLH GE " 


Subtotal 

nr 

2 DLH = 


4.29 


PPL 

'zsr 


(wt st ) 
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COST MODEL WORKSHEET (3 of 3) 


Systems Analysis & Engineering 

10 

DLHg E = 0.353 WT dry + 0.067 ( E DLH) - 467.8 = 
(if DLHg E < 0.0, set DLHgg = 0.0) 


Subtotal 

11 

E DLH = 


Program Management 

DLHpj^ = 0.051 (S DLH) 


Total Program Direct Labor Hours 


DLHtqt ~ 


thousand hours 



N\ tg = 1.7 Py - 265.7 In T + 1059.' 
= (0.6 Py + 0.04 NR^g - 5.9)N, 


Adjusted Total DLH 

DLH TOT = DLH T0T + NR RTG + ^RTG 

V 

Total Program Cost < 

COST = DLEjot ^ wage ^ = $ 

0.3 
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